Homozygote varitint-waddler (Va) mice, expressing a mutant isoform (A419P) of TRPML3 (mucolipin 3), are profoundly deaf and display vestibular and pigmentation deficiencies, sterility, and perinatal lethality. Here we show that the varitint-waddler isoform of TRPML3 carrying an A419P mutation represents a constitutively active cation channel that can also be identified in native varitintwaddler hair cells as a distinct inwardly rectifying current. We hypothesize that the constitutive activation of TRPML3 occurs as a result of a helix-breaking proline substitution in transmembranespanning domain 5 (TM5). A proline substitution scan demonstrated that the inner third of TRPML3's TM5 is highly susceptible to proline-based kinks. Proline substitutions in TM5 of other TRP channels revealed that TRPML1, TRPML2, TRPV5, and TRPV6 display a similar susceptibility at comparable positions, whereas other TRP channels were not affected. We conclude that the molecular basis for deafness in the varitint-waddler mouse is the result of hair cell death caused by constitutive TRPML3 activity. To our knowledge, our study provides the first direct mechanistic link of a mutation in a TRP ion channel with mammalian hearing loss.
T ransient receptor potential (TRP) cation channels are important components of many cellular and sensory systems, such as osmosensation, photosensation, taste sensation, and thermosensation (1, 2) . In Drosophila, Caenorhabditis elegans, and lower vertebrates, mutations in TRP channels have also been associated with loss of sensitivity to touch and other forms of mechanical stimulation (3) (4) (5) . Besides the general notion that they conduct cations, TRP channels have quite diverse structural and functional properties (1, 2) .
The identification of mutations in the human mucolipin (TRPML1) gene as the cause of mucolipidosis type IV, a neurodegenerative, recessive, lysosomal storage disorder characterized by psychomotor retardation and visual impairment, led to the initial description of the TRPML subfamily (6, 7) . The mammalian TRPML subfamily consists of three members: TRPML1, TRPML2, and TRPML3. Like other TRP channels TRPML proteins contain six putative transmembrane domains with cytosolic amino and carboxyl termini. A mutant isoform of murine Trpml3 has recently been identified as the underlying cause of the varitint-waddler (Va) phenotype that is manifested in profound deafness, vestibular defects, pigmentation deficiencies, sterility, and perinatal lethality (8, 9) . The Trpml3 (Va) allele displays an alanine to proline substitution at amino acid position 419 (A419P) in the fifth transmembrane domain of TRPML3 (8) [supporting information (SI) Fig. 5 ]. A second amino acid substitution (I362T) positioned at the second extracellular loop arose in cis to A419P, resulting in the Va J allele that attenuates and partially rescues the severe Va phenotype by an unknown mechanism.
The present work was conducted to determine the specific role of the varitint-waddler A419P substitution on TRPML3 by examining the mutation's physiological and molecular effects using both in vitro and in vivo approaches. Our study linked the A419P mutation of TRPML3 with a hot spot in TM5 for helix-breaking (10) mutations causing constitutively active channels. This potential site for constitutively activating mutations is not restricted to TRPML3 but includes all three mucolipins and surprisingly also extends to TRPV5 and TRPV6, suggesting that these five channels potentially share certain structure-function similarities.
Results

A419P Turns TRPML3 into a Constitutively Active Cation Channel
Leading to Cell Death. When murine and human TRPML3 as well as the corresponding varitint-waddler mutant isoforms were expressed in HEK293 cells, those cells expressing TRPML3(A419P) (Va) or TRPML3(I362T/A419P) (Va J ) displayed significantly elevated [Ca 2ϩ ] i and [Na ϩ ] i when compared with wild-type TRPML3-or TRPML3(I362T)-expressing cells ( Fig. 1 A and B) . The I362T mutation that moderately attenuates the A419P phenotype in Va J mice (8) did not significantly ameliorate the influx of cations through A419P-mutated TRPML3. The increased [Ca 2ϩ ] i caused by the A419P mutation depended on influx of extracellular Ca 2ϩ ( Fig. 1C and D) .
We next tested whether the increased [Ca 2ϩ ] i of cells that express the (Va) or (Va J ) isoforms of TRPML3 resulted in detrimental cellular changes. Already 10 h after transfection, we determined that 20 -30% of TRPML3(A419P)-and TRPML3(I362T/A419P)-expressing cells were annexin Vpositive, an indicator of early apoptosis (Fig. 1E) . Within the next 15 h, the number of annexin V-positive cells increased to 70%. We conclude that massive Ca 2ϩ influx causes apoptosis in cells expressing TRPML3(A419P) or TRPML3(I362T/A419P).
Whole-cell patch clamp analysis showed that TRPML3(A419P) and TRPML3(I362T/A419P) displayed a constitutively active conductance that had a significant portion of the conductance active at the cell's resting potential, which was not detectable with wild-type TRPML3 (Fig. 2 A and B) . The current-voltage (I/V) plots appear inwardly rectified. Whether this is voltage-dependent channel closure or a property of channel permeation remains to be determined because the lack of detectable activation or deactivation kinetics at any potential made interpretations difficult. At positive potentials there was a large outward transient suggesting that a channel block creates the rectification in the I/V curve. The simplest interpretation of these records is that the mutation leaves the channel in an open unregulated state and that outward permeation is blocked in a non-voltage-dependent manner. Currents normalized to the steady-state current elicited at Ϫ200 mV revealed no significant difference in the I/V relationships between the two mutant TRPML3 alleles (Fig. 2C) .
Based on the finding that the currents generated by the A419P mutation in HEK293 cells were the same as those generated by the I362T/A419P mutation, it remained unclear what might explain the difference in phenotype between mice with these mutations. To determine whether the mutations altered the plasma membrane localization of TRPML3, biotinylation experiments were performed. Surface biotinylation revealed that the I362T/A419P mutation resulted in a significant reduction of the mutated TRPML3 protein in the plasma membrane when compared with the A419P mutant isoform [35% reduction from 6.0 Ϯ 0.8% to 3.9 Ϯ 0.6% (P ϭ 0.04); wild-type TRPML3, 24.8 Ϯ 2.4% (mean Ϯ SEM); n ϭ 4] (SI Fig. 6 ). According to this, fewer channels in the plasma membrane probably account for the slightly milder phenotype of the (Va J ) varitint-waddler allele. Analysis of the electrophysiological properties of varitintwaddler (Va J /Va J ) mouse cochlear outer hair cells (OHCs) revealed a distinct inwardly rectifying conductance not detectable in wild-type OHCs that was activated at rest (Fig. 2 D-F) . A419P Is a Classic Helix-Breaking Mutation. The varitint-waddler phenotype-causing mutation in TRPML3 is a substitution of alanine at position 419 with a proline. Introduction of a proline into an ␣-helix often causes kinks or swivels in the generally noncompliant helical structure (10) . Glycine can have a similar but milder effect (10, 11) . We tested whether substitution of A419 with other amino acids of distinctive chemical features affected TRPML3. We found that A419P and, to a lesser extent, A419G were the only changes causing elevation of [Ca 2ϩ ] i (Fig.  3A) . Substitutions of the adjacent alanine at position 420 did not result in increased [Ca 2ϩ ] i . All mutants displayed subcellular distribution similar to wild-type TRPML3 (SI Fig. 7 ), indicating that protein mislocalization was not responsible for the measured responses. These results suggest that the introduction of an ␣-helix-breaking kink or swivel at position 419 in TM5 causes a structural change, converting TRPML3 into a constitutively open cation channel. We further investigated the effect of helix-breaking prolines on TM5 by conducting a proline substitution scan, and we found that introduction of a single proline at any position from amino acids 413 to 419, which is the intracellularly oriented third of TM5, led to increased [Ca 2ϩ ] i in transfected HEK293 cells (Fig. 3B ). Besides this region of susceptible residues, G425P and C429P mutations also displayed significantly elevated [Ca 2ϩ ] i . A few of the unaffected mutant isoforms of TRPML3 displayed reduced plasma membrane localization as judged by confocal microscopy (data not shown) and surface biotinylation (Fig. 3C) . Overall, however, there was no correlation of reduced plasma membrane localization with insensitivity to proline substitution. Several of the mutant TRPML3 channels were tested by whole-cell recordings revealing isoforms that exhibited increased [Ca 2ϩ ] i to also have constitutively open channels very similar to TRPML3(A419P) (Fig. 3 D-F) .
TM5 Susceptibility Is a General Feature of TRPMLs as Well as TRPV5 and
TRPV6. The substantial susceptibility of TRPML3's TM5 to helix-breaking mutations led us to explore whether other TRP channels display a similar propensity. Via sequence alignments we identified positions equivalent to A419 in TRPML1, TRPML2, TRPV5, TRPV6, TRPV2, TRPM2, and TRPC6 (Fig.  4A) . We replaced the amino acids at these positions with a proline, and we compared the [Ca 2ϩ ] i of HEK293 cells transfected with the mutant isoforms with their respective wild type-expressing cells. We found that cells expressing TRPML1(V432P), TRPML2(A396P), TRPV5(M490P), and TRPV6(M497P) all exhibited elevated [Ca 2ϩ ] i when compared with their respective wild-type isoforms (Fig. 4B) . TRPV2(Y539P), TRPM2(L941P), and TRPC6(F641P) did not evoke increased [Ca 2ϩ ] i . We further mutated TRPV2, TRPM2, and TRPC6 at additional positions in TM5 whose equivalent substitutions caused increased [Ca 2ϩ ] i of TRPML3 mutants, and none of these mutant isoforms displayed elevated [Ca 2ϩ ] i when compared with the respective wild-type channels ( Fig. 4C and SI  Fig. 8A ). All TRPV2, TRPM2, and TRPC6 proline mutants generated showed subcellular localization identical to their respective wild-type channels (SI Fig. 8B ). To exclude that the individual proline substitutions led to channel inactivation, functional tests of the mutant channels were performed by using specific agonists. TRPV2 mutants were gated with diphenyl boronic anhydride (DPBA) (12) , and TRPC6 mutants were gated with 1,2-didecanoyl-glycerol (DDG) (13, 14) in calcium imaging experiments; TRPM2 mutant gating was tested in patch-clamp experiments using ADP-ribose (15, 16) (SI Fig. 8  C-E) . Some of the investigated mutant channel isoforms displayed decreased responsiveness [TRPV2(Y539P), TRPV2(G545P), and TRPC6(F641P)].
The considerable effect of the M490P and M497P substitutions on TRPV5 and TRPV6 suggested that these two channels display a susceptibility of TM5 to helix-breaking mutations similar to TRPML channels. We proline-scanned TM5 of TRPV5 and found that, similar to TRPML3, introduction of prolines into the intracellularly oriented third of TRPV5 resulted in massive influx of Ca 2ϩ (Fig. 4D) . Some mutations displayed [Ca 2ϩ ] i levels similar to wild-type TRPV5, and several mutants showed reduced [Ca 2ϩ ] i when compared with wild type, which could be a consequence of reduced plasma membrane expression (data not shown) or an indication of inactivity of the respective mutant channel isoform.
Discussion
The most apparent observation that we made when expressing TRPML3(A419P) or TRPML3(I362T/A419P) in HEK293 cells was the massive increase of [Ca 2ϩ ] i leading to apoptosis. The electrophysiological analysis corroborated the Ca 2ϩ imaging results revealing an inwardly rectifying current in HEK293 cells expressing either TRPML3(A419P) or TRPML3(I362T/A419P). Similar currents were observed in outer hair cells of homozygous 
Va
J /Va J mice, indicating that cochlear varitint-waddler hair cells experience cation influx through the mutated TRPML3 channel.
Approximately 75% of TRPML3 protein is located in intracellular compartments of transfected HEK293 cells. The remaining 25% of the total TRPML3 protein is localized in the plasma membrane. Studies of TRPML3 expression in hair cells revealed TRPML3 localization in both intracellular compartments and associated with the plasma membrane (8) . The same study reported differences in severity between the Va and Va J phenotypes, which might be a result of the 35% reduced plasma membrane localization of the TRPML3(I362T/A419P) channel when compared with TRPML3(A419P).
Overall, it is remarkable that cochlear hair cells are able to survive the presence of the TRPML3(I362T/A419P)-mediated current for several postnatal weeks, whereas other cells, such as the cochlear melanocytes, degenerate before birth (9) . TRPML3(A419P)-or TRPML3(I362T/A419P)-expressing HEK293 cells were not able to survive for Ͼ24 h, which is probably partially a result of the artificial overexpression in this heterologous system. The prolonged resistance of inner and outer hair cells may be the result of a combination of circumstances. A potential factor is the substantial reduction of the endocochlear potential in homozygous Va J /Va J mice, attributed to missing melanocytes (intermediate cells) in the stria vascularis (9) , which substantially reduces the driving force for cations into cochlear hair cells. Another contributing factor may be the inherent ability of hair cells to deal with massive Ca 2ϩ loads, which is manifested by the high cytosolic concentration of various calcium buffers (17) (18) (19) and by the presence of high concentrations of PMCA-type calcium pumps in their stereociliary bundles (20, 21) .
The introduction of proline substitutions into TM5 of other TRP channels revealed an unexpected potential structural relationship of TRPML channels with TRPV5 and TRPV6. Our Ca 2ϩ imaging analysis revealed that HEK293 cells expressing the mutant channels displayed significantly elevated [Ca 2ϩ ] i levels when compared with the respective wild type-expressing cells. Although intriguing, it is not clear whether the mechanisms leading to increased [Ca 2ϩ ] i levels in mutant TRPV5 and TRPV6 are the same as in mutant TRPMLs. Wild-type TRPV5 and TRPV6 are highly Ca 2ϩ -selective, display constitutive activity, and show substantial Ca 2ϩ -dependent inactivation (22, 23) , which is in contrast to the TRPML channels, which are closed under comparable conditions. We hypothesize that the proline substitutions in TM5 alter Ca 2ϩ -dependent inactivation either directly to leave the channel constitutively active or indirectly by altering the channel pore in a manner that reduces the effectiveness of inactivation.
It is not intuitively obvious why a mutation in TM5 would affect activity of TRPML3 because it has been postulated that the pore-forming and pore-lining domains of TRP channels are located downstream of TM5 (24, 25) . Nevertheless, proline-or glycine-mediated kinks or swivels in ␣-helices of ion channels can play roles in ion channel function (10, 26, 27) . For example, proline or glycine swivels in the pore-lining helix TM2 of the inward rectifier potassium channels of the GIRK family have profound effects on its open probability (28, 29) . Likewise, a swivel motion of a glycine in the M2 helix of KcsA, which is equivalent to TM2 of GIRK, is involved in conformational fluctuations (30, 31) , and glycine and proline-based hinges in the S6 transmembrane segment of Shaker-type K ϩ channels play important functional roles in determining the pore features (27, 32) . Furthermore, interactions of the intracellular regions of other transmembrane-spanning domains with TM6 have been shown to be critical for activation gating in some potassium channels (33, 34) . Our observation that proline substitutions in TM5 of TRPML3 lead to constitutive activity suggest that the mutation causes structural changes affecting important properties of the channel. Without knowledge of the biophysical features of wild-type TRPML3, it is difficult to investigate whether these changes alter activation gating or conductivity. Toward this goal, we attempted to activate wild-type TRPML3 in a variety of ways, including osmolality changes, mechanical stimulation, pH, and varying intracellular calcium buffering as well as extracellular calcium, all without success. Future directions, consequently, need to address whether TRPML3 is an activatable ion channel in hair cells, intermediate cells, or other cell types that natively express the protein.
Materials and Methods
Calcium Imaging and HEK293 Cell Electrophysiology. Measurements using the fluorescent indicators fura-2-AM and SBFI-AM (Invitrogen) were performed by using the iMic platform and Polychrome V monochromator (TILL Photonics).
Whole-cell currents were recorded 12-15 h after transfection with an Axopatch 200B amplifier and acquired with JClamp software. Standard bath solution contained 138 mM NaCl, 5.4 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM Hepes, and 10 mM D-glucose (pH 7.4). Pipette solution contained 140 mM CsCl, 10 mM Hepes, 3 mM ATP-Na, 1 mM BAPTA, and 2 mM MgCl 2 (pH 7.2). Series resistance was 1.8 Ϯ 0.4 M⍀ (n ϭ 21), after compensation, and capacitance was 5.5 Ϯ 0.7 pF. Stock solutions (100 mM) of ADP-ribose, DPBA (both from Sigma), and DDG (Biomol) were prepared in DMSO. 2-Aminoethyl-diphenyl borate (2-APB; 100 M) was included in the bath solution to block gap junctions. 2-APB had no effect on the expressed channels.
Hair Cell Electrophysiology. Animal studies were conducted under institutionally approved animal study protocols using standards set forth by the National Institutes of Health and the U.K. Home Office. OHCs from varitint-waddler mutant (Va J /Va J ) and matching control (ϩ/ϩ) mice were studied after acute dissection of the organ of Corti (P3-P5). Additional details are provided in SI Methods.
Biotinylation and Western Blots. Sample preparation and processing for Western blot analysis were conducted as previously described (35) . A detailed description of the biotinylation protocol is provided in SI Methods.
